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SUMMARY

The goal of the work conducted during this investigation
was the design, construction, and operation of an induction
heated plasma device known as the Combined Principles Simulator
(CPS). This device was designed to be a small scale induc-
tively heated device which simulates as nearly as possible the
major design features of the Gas Core Nuclear Rocket (GCNR).l
This includes solid feed, propellant seeding, propellant
injection through the walls, and a transpiration cooled,
choked flow nozzle. The CPS consists of a nearly spherical
chamber approximately eight inches in diameter constructed
from a permeable material through which the propellant is
introduced. Positioned at the inlet end are the solid feed
and propellant seed devices. The exit end consists of a
transpiration cooled, choked flow nozzle. This assembly is
placed within a pressure shell. An induction coil surrounds
the pressure shell and provides power to sustain a plasma
ball in the center of the chamber. As in the GCNR, the hot
plasma heats the seeded propellant which is exhausted through
the nozzle to provide thrust. 1In the CPS the solid feed
device injects sodium vapor into the plasma region over a
range of feed rates. Additionally, a solid wire injector
was designed and tested which will replace the sodium feeder
in future work. A unique propellant seeding injector was
designed which provides for uniform injection of solid
particles along the inside of the permeable wall. The
permeable wall is semi-spherical in shape and was constructed
from AlSiMag 447.2 This is a cordierite material which has
relatively good thermal properties and is permeable at modest
pressure differentials. The nozzle was fabricated from
permeable graphite and was constructed in such a way that
nearly uniform transpiration cooling could be obtained in
spite of the severe pressure gradient through the nozzle.

This device was assembled and operated under a variety
of operating conditions including pressures from 0.004 x 102
to 4.9 x 105 N/m2; propellant gas flow from 9.8 to 28.2 g/sec;
solid fuel injection rate from 0.0058 to 0.027 g/sec; and
propellant to fuel ratios from 445 to 2700. Successful
operation was achieved over nearly the entire range of oper-
ating conditions tested.




This device was designed and constructed for operation
in the future at powers to 15 MW. During this design and
construction phase, laboratory testing was conducted to
80 kW for system checkout.

INTRODUCTION

The Gas Core Nuclear Rocket has a number of unique
design requirements. In recent years the TAFA Division of
Humphreys Corporation has been involved in a number of
programs to test and refine some of these features. The
purpose of the work reported herein was to incorporate all
of the individual items that have been investigated by TAFA
into a single unit known as a Combined Principles Simulator
(CPS). It was recognized that these various components
were not fully developed or optimized but it was believed
that by building such a device it would be possible to
establish which areas were most critical and the operation
of the device would reveal any unforeseen interactions
between the components. The device was designed to operate
at high powers, however, the work conducted during this
study was limited to relatively low power to assess oper-
ation of the various components and indicate any required
modifications.

A number of supporting experiments were performed to
assist or confirm the design principles and materials
selection consistent with the overall philosophy of
assembling an operable unit with the technology as it was
presently known. These experiments were conducted primar-
ily as screening tests to help select materials or obtain
more detail design information. Optimization was not
attempted nor were exhaustive studies conducted in those
areas where anomalies or unexpected results occurred.

It was a basic assumption in this work that future
testing at high powers would be conducted on this device.
Likewise, it was assumed that further development work
would be done in those areas where incomplete information
had to be used.




DESIGN OF THE COMBINED PRINCIPLES SIMULATOR

A. Basic Design Criteria

The basic design criteria of the CPS included: a permeabkle
wall, a spherical or nearly spherical chamber, provision for
solid feed, provision for propellant seeding, a transpiration
cooled, choked flow nozzle, operation at 21.7 x 105 N/m2, and
operation at 15 MW.

Figure 1 is an assembly drawing of the CPS. A permeable
wall roughly spheridal in shape surrounds the plasma region
and is contained within an outer pressure vessel. The fuel
inlet-end flange provides for penetration of the solid fuel
feed mechanism and injection of the seeding for the propellant
gas stream. The nozzle-end flange supports the nozzle and
provides for transpiration cooling and seeding flow to the
nozzle. Adequate cooling and space for a large coil are
provided for high power operation. The design details of
these various components are discussed in subsequent para-
graphs.

B. Pressure Vessel

In order to meet the design requirement of 21.7 x 103
N/m2 in the chamber, the outer containment components of the
CPS had to be designed to withstand even greater pressure to
allow for the pressure drop through the permeable wall.
Laboratory work indicated that this pressure drop would be
approximately 8.0 x 105 N/m2 at the anticipated wall gas flow
rates. A cylinder of glass cloth laminant reinforced
silicone plastic tubing was chosen for the center section of
the vessel. This component had to be gas tight and
electrically non-conductive. The end flanges were fabricated
from 5 cm thick aluminum held against the cylinder by
six 3.18 cm diameter Gl0 fiberglass reinforced epoxy tie
bolts. The solid feed and propellant seeding device is
positioned in the center of the inlet-end flange and the
nozzle assembly is positioned in the center of the exit-end
flange. The pressure within the vessel is controlled by the
rate of introduction of propellant wall flow and the sizing
of the exhaust nozzle throat.



This design provides for convenient assembly since the com-
ponents can be added piece by piece to the exit-end flange.
Since the fuel injection assembly can be easily removed from
the top of the CPS, convenient inspection of the inside of the
permeable wall between runs is possible. Figures 2, 3, and 4
show the Combined Principles Simulator in consecutive steps
of assembly. Figure 2 shows the exit-end flange with the
nozzle, tie bolts, and load coil for r.f. testing installed.
Figure 3 shows the assembly after the permeable wall has been
added. Note the wall heat sensor that is installed through
the lower section. The completed assembly with the outer
sleeve and inlet-end flange in place is shown in Figure 4.

The coupling pieces for the solid-feed are conveniently added
to the inlet-end flange.

All components of the pressure vessel were selected to
provide a factor of safety of at least five at design pres-
sures and temperatures. The only potential problem that can
be anticipated is overheating of the outer wall because of
insufficient gas flow through the permeable wall. Since the
strength of the outer wall drops rather rapidly at elevated
temperature, it is proposed that a temperature sensor be
installed to monitor the outside temperature of the permeable
wall prior to operation at high powers.

C. Permeable Inner Wall

The permeable wall of the CPS serves as the confinement
region for the plasma and is probably the most significant
test item in the simulator. Since energy is coupled into the
plasma from an electromagnetic field, the wall material must
have a very high electrical resistivity. Due to the sudden
increase in radiant heating upon establishment of a plasma,
the material must have good thermal shock properties. Uni-
formity of permeability is necessary to avoid distortion of
the plasma and to provide cooling of the entire wall.

A permeable silica should be the ideal material for the
permeable wall due to its excellent electrical and thermal
shock properties. Unfortunately, the one source of fused
silica foam located during this program proved to have
inadequate permeability to allow the necessary coolant flow.



This, coupled with the extremely low heat transfer coefficient
of the foam, caused localized melting on the interior surface
to occur during testing.

The permeable wall material used in the CPS constructed
for this investigation was AlSiMag 447, a cordierite material
obtained from the American Lava Company.2 This material has
a thermal expansion coefficient similar to silica and has
appropriate electrical properties. The right circular cylinders
of AlSiMag 447 used for laboratory tests were supplied without
any discernable internal cracks. Unfortunately, cracking of
the more complex shape for the CPS has become a very severe
problem. The cracks are believed to be caused by stresses
built up in the material during sintering due to non-uniform
density in the green pressed shape. Repeated efforts by the
supplier have failed to correct this problem. Figure 5 shows
a typical wall failure. This failed during Run 16 along
cracks that had been observed before the test. A number of
tests have been run where no observable cracking took place
and some operational data using this material in previous work
is available.3 1In spite of these problems, the AlSiMag 447
cordierite material remains a reasonable choice for the per-
meable wall of the CPS and has been used for all meaningful
tests.

D. Permeable Nozzle

Figure 6 shows the permeable graphite nozzle designed
for use with the Combined Principles Simulator. The nozzle
is segregated into three axial flow plenums so that the
pressure in each plenum can be matched to the internal pres-
sure to provide the appropriate flow pattern. The throat
diameter of the current permeable nozzle was designed at
0.95 cm inches to prov1de chamber pressures slightly in
excess of 4.46 x 109 N/m2 using available power supplies in
the TAFA laboratory.

E. Propellant Seeding

Since the ultimate design of the GCNR requires pro-
pellant seeding in the boundary layer to intercept the high



radiant energy from the fuel region, a continuing effort has
been made in the TAFA simulator programs to refine the seeding
system. The CPS shown in Figure 1 has provision for propellant
seeding along the permeable wall and again at the entrance to
the nozzle. The various problems involved in providing a
radiation barrier have been approached from several directions
during this study. The goal of this phase of the program was
to provide approximately five percent by weight of seed
material in the propellant flow.

TAFA's experience on previous programs has been that it
is essentially impossible to force a seeded propellant flow
through a porous membrane without generating blockages which
disturb the flow uniformity. As a result, seeding injection
has involved feeding a powder with a carrier gas stream through
individual slots that exhaust into the plasma cavity. Even
this scheme has its limitations, however, since the flow
passages must be very carefully designed to avoid blockages
or non-uniform injection. 1In order to avoid these problems
the powder feeding slot at the inlet of the CPS was developed
to feed the powder into the inner cavity in a uniform
manner. This was accomplished by feeding the powder and
carrier gas into a circular plenum which decreases in cross
section uniformly from the entrance to the closed end. The
exhaust from the plenum is a slot of appropriate size to
keep the gas-seed mixture at constant velocity throughout the
length of the plenum. The resulting flow pattern is a uni-
form sheet of gas and seed flowing out of the slot normal to
the propellant flow. The current design includes two plenums,
each extending 1 radians around the circumference of the
feeder. This configuration has been operated inside of a
clear quartz wall for observation and the powder pattern
issuing from the feeder was very uniform. This technique
could be modified by introducing additional powder feed
points if denser concentrations of seed material are required.
A similar propellant seeding system is provided for the pro-
tection of the nozzle.

F. Fuel Injector

The GCNR concept requires the introduction of the
uranium fuel into the fissioning fuel region. Several
techniques are being considered at the present time.




The CPS has been designed and equipped to simulate the uranium
injection with two different types of solid feed devices. One
introduces the fuel in wire form and the second as a vapor
issuing from a heated injector tip that receives material in
the solid form. The wire feed device is shown in Figure 7.
This incorporates a simple variable speed motor drive pro-
pelling the wire between two rollers from a storage reel.
Downstream from the drive wheels is a close fitting gas barrier
which prevents leakage from the plasma chamber. Figure 8 shows
the screw feed sodium extruder that is used as the second
standard fuel source for the simulator. In this device sodium
is extruded into a small chamber in a tungsten tip which is
heated by the plasma. The resulting vapor is released through
an orifice into the plasma chamber. Figure 1 shows this

feeder in position. The electrical isolation and variable
delivery speed features of these two devices are their most
important requirements.

Early work with solid fuel as the source for the plasma
gas was centered around the use of sodium chloride vaporized
from a graphite crucible. Subsequently various metals,
including sodium, contained in a crucible in the immediate
vicinity of the plasma were tried. These techniques worked
quite well when the device was exhausting vertically upward
but obviously the problem of molten material dropping out
of the holder would occur in the down firing position. Since
it is envisioned that all future work with the CPS will
utilize down firing of the propellant stream, the fuel injec-
tors developed for this stage of the project had to be
capable of operating downward.

The currently used technique for uranium fuel injection
is to introduce the uranium wire through a boron nitride tip
into the core of the plasma. A small quantity of chlorine
gas is passed around the wire to form uranium chlorides that
vaporize at temperatures of about 873°K. This is significantly
below the vaporization temperature of about 4073°K for
uranium. If chlorine is not used, this high melting point
and vaporization temperature for uranium prevents the formation
of a vapor in the plasma device. In the GCNR the high
temperatures during operation will circumvent this problem,
however, the injection of chlorine does suggest an ignition
technique at lower temperatures.



In summary, two modes of fuel injection are available for
the Combined Principles Simulator. One injects a metal in
wire form with the addition of chlorine to produce a low
temperature metal chloride. The second feeder is designed
primarily for operation on sodium and utilizes a chamber
heated by the plasma in which vapors are formed prior to
injection into the plasma region. The latter device has been
used for tests at pressures up to 4.9 x 105 N/m2.

G. Instrumentation

The instrumentation utilized in this work was designed
to accomplish four basic goals: 1) complete heat balance on
the system, 2) measurement of thrust, 3) measurement of the
propellant to fuel injection ratio, and 4) measurement of
the fuel retention within the simulator. The detailed pro-
cedures used in some of these measurements has been previously
reported.3 Figure 9 is a photograph of the thermometer and
flowmeter panel adjacent to the CPS test stand. The various
parts of the instrumentation system are described in the
following paragraphs.

The heat balance measurement is accomplished in the
conventional manner of noting temperature rise and cooling
water flow rate. Variable area type water flowmeters and
bi-metallic spring type temperature sensors are used to make
the required measurements. The heat balance includes flow
and temperature rise measurements on the following five
water cooling circuits.

1) Oscillator in the r.f. power supply

2) Coil and tank capacitors in the r.f. power supply

3) Inlet flange of the CPS including seeding
injector and fuel injector

4) Nozzle seeding ring

5) A water cooled insert used in place of the

permeable transpiration cooled nozzle for
checkout runs




There is also a water cooled calorimeter for measuring the
heat flux on the permeable wall. The d.c. plate power to the
oscillator is taken as the input power to the system. The
oscillator and coil circuit losses are manually recorded
during each of the test runs but the remaining measurements
are permanently recorded by photographing the instrument
panel. The photographic recording also includes the

chamber pressure and the voltage drop across the oscillator
coil.

The thrust measurement is made by the instrument shown
in Figure 10. This is a vane arrangement which is inserted
into the exhaust jet of the nozzle. Sensing is accomplished
by a Revere Electronics precision strain gauge* load cell
coupled to a Sargent millivolt recorder for readout. The
system is calibrated in the operating position by using
standard weights. Good electrical isolation and grounding
practices have been established and the recording of this
measurement can be made without r.f. interference that has
been experienced in previous efforts to use this same load
cell.

For the sodium fuel injection rate measurement, a
mechanical counter records the rotations of the sodium feed
drive which can be converted into total volume of material.
Run time is measured by a watch and recorded manually by
the instrumentation operator. Since the weight per unit
volume and the diameter of the feed passage are known, the
delivery rate of sodium is a straightforward calculation.
Many of the early runs with the device were plagued with
r.f. feedback into the variable speed d.c. drive which
resulted in the drive operating at full speed whenever the
power supply was turned up to high voltage. A scheme
whereby the pickup on each of the return leads from the
d.c. motor is shunted to ground through capacitors has
eliminated this problem and the d.c. drive now operates
reliably at any preset speed.

A calculator program has been written to combine all of
the heat balance and thrust measurement inputs and to pro-
vide all of the desired run data in appropriate form as
outputs. Thirty-nine individual inputs are used in the

*Revere Electronics Precision Load Cell, Model USPI-.05-A.



program for each of the runs made. Not all of these inputs
are used on each run but are included in the program to
maintain consistency. The outputs from the program include
percent hydrogen in the propellant, propellant to fuel ratio,
thrust, and enthalpy of the gas at the nozzle throat as
determined by the heat balance and as determined by the
critical flow calculation assuming the propellant to be all
nitrogen.

Spectral absorption, emission, x-ray radiography, and
electrical response have been investigated as possible
techniques in determining the amount of fuel retention in
the plasma. Of these, the two most promising are radiography
and careful monitoring of the electrical response.

The x-ray radiography technique involves exposing film
by x-rays and examining the resultant film by a densitometer.
Exposure times are on the order of 1-1/2 minutes. For
visual discrimination on the film there must be at least
two percent difference in density between the area being
examined and the background. Figure 11 shows the result of
a calculation of absorption for various fuel loadings. It
can be noted that at about three grams of uranium or greater,
sufficient absorption would be experienced to make radio-
graphy attractive. A simple perfect gas thermodynamic
calculation for the fuel region, assuming uranium vapor at
6000°K, reveals that in order to achieve the indicated
uranium loading a pressure of 3 x 10° to 5 x 105 N/m2 is
required. Several radlographs were made of an operating
plasma at 1 x 105 N/m to demonstrate the technique. Since
the pressure was not sufficiently high, quantitative data
could not be obtained from the photographs, however, some
discrimination was observed which indicated that meaningful
data can be obtained by this technique at elevated pres-
sures.

Initial examination of the electrical response of the
system indicated that too much variability was present to
make meaningful measurements. Subsequently, with refine-
ment of the wire feed technique, the electrical measurements
were stabilized and may be adequate for this measurement.
Present practice is to optimize the position of the end of
the wire feed device and the wire feed rate by observing
the electrical response. Either too rapid or too slow
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a feed rate causes instabilities and a resultant increase in
r.f. current.

H. Test Facility

The plasma tests described in this report were conducted
using a Lepel 189 kW r.f. power supply located in the NASA
test bay at TAFA. A special rack with heavy duty supports
was constructed to support the CPS in the coil and the fuel
feed device on a shelf above. The exhaust from the device is
downward from the test area into a transite lined 15.24 cm
diameter pipe that exhausts through a vent in the roof. A
special flowmeter and thermometer panel was constructed to
provide for more satisfactory photographic recording of the
data during each run. The overall layout of the facility
is shown in Figure 12. The power supply is operated from a
station just outside of the doorway that is apparent in this
photograph.

I. Safety

The safety equipment utilized during the runs on this
contract included several new items. The mechanical posi-
tioner for ignition shown in Figure 13 was designed specif-
ically for the CPS program. With the boom mounted on the
top and with the graphite rods pointed downward, the ignitor
is appropriate for testing work on devices exhausting
vertically upward. With the boom on the bottom and the
graphite rods pointed upward, the device is appropriate for
atmospheric pressure start of the CPS. 1In both cases the
operator need touch only the frame of the ignitor which is
completely grounded and offers complete protection against
electrical shock.

Transparent barriers are positioned around the CPS to
prevent accidental contact with the coil. Additionally, a
flashing red light is energized whenever the r.f. power.
supply is on to visually alert all personnel in the area.

A 3/4 inch thick plexi-glass explosion barrier is positioned
between the CPS and the operators during pressure tests or
at any other time there is a possibility of rupture.
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A hydrogen purge system designed to automatically purge
the hydrogen feed lines in case of plasma extinguishment
during a run has been installed. This system is wired to
shut off the hydrogen and purge the system with nitrogen if
the r.f. power supply goes off or if the manual purge switch
is depressed. The system is also interlocked so that hydrogen
can be fed into the torch only when the r.f. power supply is
operating. With this group of safety items, it is felt that
the high frequency operation of the CPS is completely safe.

LABORATORY TESTS

A. Propellant Seeding Studies

A new approach to propellant seeding was taken during
this program based on the assumption that the introduction
of hardware into the wall of the nuclear rocket for seeding
injection would be very difficult. This work involved an
investigation of seed material introduction in the form of
a gas. The idea was to inject a gas, such as methane,
through the permeable wall which would dissociate into
hydrogen and carbon as it was exposed to the radiation from
the plasma. The hydrogen atoms present would add to the
propellant flow and the carbon would provide an ideal
interceptor for the radiation and produce the desired heating
of the propellant gas stream.

Operation of a clear wall device at approximately 20 kW
with an argon-nitrogen plasma was established and then a few
percent of methane was introduced into the gas flow. During
argon-nitrogen plasma operation the bright colored arc zone
was approximately one inch in diameter and eight inches long.
When the methane was introduced, the radiating region com-
pletely filled the torch and the visible light intensity as
recorded on a photographic light meter increased by a factor
of seven. A similar series of tests was run using a metal
wall to qualitatively measure the radiation from the arc.

The heat balance measurements showed that the heat trans-
mitted to the metal wall went up when methane was introduced.

The surprising result with methane led to an investi-
gation of the effectiveness of propellant seeding with




solids in protecting the wall. This was accomplished using
the test specimen holder shown in Figure 14. 1In this case,
6.35 cm diameter samples of AlSiMag 447 wall material were
mounted in a water cooled fixture so that they could be
transpiration cooled and subjected to a high heat flux

plasma flame. By viewing the test from the side, it was
possible to observe how the flow through the permeable sample
kept the test flame away from the wall. With no seeding
present, it was found that the surface of the ceramic did

not start to melt until the visible ionization zone of the
plasma came in contact with the material. Further tests

were conducted with the addition of powder seeding intro-
duced across the face of the permeable wall in a configuration
shown in Figure 15. A dense cloud of finely divided tungsten
powder was used as the seed material. Unexpectedly the

test sample melted directly behind the seeding stream whereas
the other parts of the sample were not affected. Evidence

of melting of the sample can be seen in the photograph
(Figure 15). As shown in Figure 16, it was noted that the
seeding flow became brillantly radiative during the experi-
ment, as had been the case with the earlier tests with
methane in the plasma. Another series of tests were con-
ducted using carbon particles as the seed. Similar results
were obtained inasmuch as when a dense cloud of material

was injected the seeding flow appeared brighter than the
plasma flame. When the amount of seeding material being
injected was reduced, the seeding flow took on a cooler,

more characteristic yellow color for carbon.

These observations indicate that the radiation level
may become increased by the introduction of a dense seeding
cloud of particles. It is apparent that there are a
number of unanswered questions in this area and additional
study is required to understand and control the observed
phenomena.

B. Uranium Plasma Tests

One of the goals of this study was to operate a
uranium plasma. A number of experiments utilizing depleted
uranium powder and uranium wire 0.274 cm in diameter were
conducted in which an attempt was made to vaporize the
metal directly into the plasma. In one series of experiments,
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pieces of wire approximately 1.91 cm long were inserted into
a boron nitride holder located so that the tip of the holder
was in a plasma operating in a vertically upward position.

It was possible to heat the uranium sufficiently to obtain
melting but as soon as melting took place the material tended
to run down over the edge of the boron nitride holder and

no apparent vaporization took place. This experience can be
attributed to the fact that there is a large liquidous regime
for uranium metal. The melting point is reported at
approximately 1405°K whereas vaporization does not occur
until 4091°K.4

In order to obtain a molten pool of uranium metal which
could be brought up to the vaporization temperature another
series of experiments was conducted in which uranium powder
was held in a graphite crucible. The crucible was positioned
inside of a plasma device so that the bottom of the work coil
provided some direct heating to the crucible and additional
heat was provided to the uranium by the radiation and con-
vection from the plasma. In this case it was impossible to
deliver sufficient energy to the uranium to cause melting.

In an attempt to get more energy into the metal, a d.c. arc
was established between the surface of the uranium and a
carbon electrode held over the top of the crucible. This
provided sufficient additional energy to cause melting and
some vaporization of uranium to occur. Unfortunately, as
soon as melting occurred at the foot of the d.c. arc, the
arc would shift away from the hot spot, most often to the
edge of the crucible, resulting in cooling of the uranium
and subsequent cessation of melting and vaporization.

Since uranium chloride has a sublimation temperature of
just over 873°K, a series of tests to determine if a uranium-
chlorine reaction could be used to vaporize the uranium wire
fuel was conducted. The first tests were made in a clear
wall device as shown in Figure 17. The uranium wire was
held in a boron nitride holder and an argon plasma established.
Chlorine was then introduced near the uranium and vaporization
occurred. Figure 18 shows the argon plasma operating with
the uranium wire in position. Figure 19 shows the plasma
during chlorine injection and vaporization of the uranium.
These two photographs are somewhat misleading inasmuch as
the uranium plasma does not look as bright as the argon
plasma. This observation is in error since the uranium

14



plasma radiates significantly greater than argon. The differ-
ence in the photographs is due to the selected aperture and
shutter speed of the camera.

A series of tests was made to substantiate the presence
of uranium in the plasma generated by the above technique.
Figures 20-22 show appropriate portions of spectrometer traces
generated by looking at a spot less than 1 cm in diameter in
the center of the plasma. Figure 20 shows the trace of an
argon plasma operating at 19 kW plate power with a boron nitride
fuel holder installed. Figure 21 shows an argon-chlorine
plasma at the same spectrometer settings and with the power
at 19.3 kW. It can be noted that the chlorine does not
produce any significant lines in this portion of the spectrum.
The two strong calcium lines come from an impurity in the
boron nitride that is vaporized by the chlorine. Figure 22
shows an argon-chlorine-uranium plasma at 18.9 kW. A
multitude of uranium lines are apparent with both neutral
and ionized species represented. The spectrometer sensitivity
has been reduced to 40 percent of the previous setting for
this trace and it is apparent from the increased continuum
and uranium lines that a high level of ionized uranium was
present in the plasma.

Additional tests have been run with iron wire and
chlorine reacting in a plasma to produce an iron vapor plasma.
In this case the plasma is cool enough so that there is no
apparent continuum radiation.

C. Combined Principles Simulator Tests

A total of 35 runs have been made with the CPS con-
structed for this study. Twelve of these runs include
heat balance and electrical measurements and are reported
in Table I. A large number of additional tests were run
in checking out various auxiliary items and have been
discussed in other parts of this report.

Because there is no requirement to operate the CPS
at subatmospheric pressures and because normal plasma
ignition is accomplished at one atmosphere, all initial
experiments with the CPS were conducted utilizing an
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ignition technique at one atmosphere. A number of difficulties
were experienced during ignition in the early phases of
testing the device. The characteristic pressure pulse
experienced during ignition and resultant disturbance to the
electrical characteristics resulted in cracked permeable walls
and electrical difficulties. Attempts to appropriately

mount the permeable wall to provide for cushioning and ex-
pansion helped alleviate the problems but it became apparent
that some ignition technique would have to be utilized that
would minimize the pressure pulse. It was also desirable

that the ignition technique developed be compatible with
planned future testing of this device on a low frequency

power supply.

The technique developed consists of reduc1na the pres-
sure in the CPS to approximately 0.004 x 105 N/m<. A small
flow of argon is used to balance the vacuum pumping rate

and maintain a dynamic system at the set pressure. A glow
discharge is then generated within the torch cavity by
utilizing the two aluminum end plates as electrodes and the
r.f. power is coupled into the glow discharge. The flow of
gas through the permeable wall is then increased and the
power to the end plate electrodes and vacuum pump shut off.
As the pressure approaches one atmosphere the coupling on

the nozzle which is attached to the vacuum pump .is removed
and operation is established at one atmosphere. For tests

in excess of one atmosphere, the gas flow is simply increased
and the nozzle provides an orifice which restricts the flow
and causes a pressure buildup within the device.

Subsequent to ignition the CPS has been operated over
a wide range of operating modes. Power, pressure, feed
rate of the fuel simulating material and different gases
have been utilized. Table I is a compilation of the data
acquired during the significant test runs.

In reviewing Table I, it can be seen that the CPS can
be operated over a wide range of operating parameters.
Additional work needs to be done to optimize the various
components in the system but it is apparent that the basic
concept of a plasma being fueled from a solid feed source
and suspended in a chamber in which gas is flowing through
the walls and being exhausted through a choked flow nozzle
has been demonstrated.
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CONCLUSIONS

The principle goal of this program to design, construct,
and operate an induction heated device which includes the
unique design principles of the Gas Core Nuclear Rocket has
been accomplished. All of the experience gained in prior work
which examined various components has been brought to bear on
the design and operation of this device.>~ Operation over a
range of conditions has not presented any insurmountable pro-
blems. While additional work needs to be conducted to
optimize various components, it is believed that the successful
operation of this device has confirmed the validity of the
basic design principles involved.
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COMBINED PRINCIPLES SIMULATOR
PARTIAL ASSEMBLY SHOWING BASE AND COIL

FIG. 2
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COMBINED PRINCIPLES SIMULATOR
PARTIAL ASSEMBLY SHOWING PERMEABLE WALL

FIG. 3
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COMBINED PRINCIPLES SIMULATOR
COMPLETE ASSEMBLY

FIG. 4




COMBINED PRINCIPLES SIMULATOR
TYPICAL FAILURE OF PERMEABLE WALL

FIG. 5
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COMBINED PRINCIPLES SIMULATOR
PREMABLE GRAPHITE NOZZLE

FIG.6
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WIRE FEED MECHANISM

FOR
COMBINED PRINCIPLES SIMULATOR

FIG. 7
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FLOWMETER PANEL

FOR
COMBINED PRINCIPLES SIMULATOR TEST

FIG.9
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TEST FACILITY
FOR THE
COMBINED PRINCIPLES SIMULATOR

( With Safety Shield Removed )

FIG. |2

3%



PORTABLE D.C. IGNITOR

FIG. 13
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WATER COOLED TEST FIXTURE
WITH PERMEABLE SAMPLE IN PLACE

FIG. 14
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PROPELLENT SEEDING TEST ASSEMBLY AFTER TEST
( SOME MELTING OF PERMEABLE SAMPLE CAN BE NOTED)

FIG. 15
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PROPELLENT SEEDING TEST WITH TUNGSTEN

FIG. 16




URANIUM PLASMA TEST DEVICE

FIG. |7
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URANIUM PLASMA TEST DEVICE
OPERATING WITH ARGON

FIG.I8
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URANIUM PLASMA TEST DEVICE
OPERATING WITH URANIUM

FIG.19
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